Effects of residential mobility on individual versus population risk of radon-related lung cancer. by Warner, K E et al.
Effects of Residential Mobility on Individual Versus Population Risk of
Radon-related Lung Cancer
E. Warner,1 Courant,2 and David Mendez2
1Department of Health Management and Policy, School of Public Health, and 2Department of Economics and School of Public Policy,
University of Michigan, Ann Arbor, Ml 48109-2029 USA
The U.S. Environmental P cion Ag (EPA) <I-e not consider the efcts ofnormal pat-
tems ofres mobility, in a dJ raaed lung c ris. As a conse-
quence., dievME?A-pouain i,cesiae myhei.&itt berigonsilmua risks,:a'nd
*un~~~~~~~~~~~~~~~.....&..... i....N.:...: aft:o hah
rao hm ma0ae1nt
eeisItteidvdas~h
remedat.thurhme. Tsong~ a sesiltion auIyis,wueamete fic o residential:
moblit m and ng Xncr rses G i orl mobilt ol 7% ofevnal
radon-i.Fatedmn 3y livig4 xi
homes 4 e v in contrast with an estinma of
31%.of,deathmi:.:....mj. Abovi. th no a l
5 J Y .. 1 .'l W 55K..L.ua
pliedin EPikcarts. Ifpeople
ous, te ji the lig heal
IG~ wok comutrsmlto, lun,g
Il P.p 103:1144-119 (195)
... ...
Models that extrapolate mortality from the
high-dose radon exposures ofminers to the
low-dose exposures typically experienced in
homes imply that radon-222 and its decay
products cause from 7,000 to 30,000 lung
cancer deaths annually in the United States
(1,2). Although this extrapolation is contro-
versial (3-6), the U.S. Environmental
Protection Agency (EPA) has labeled radon
"probably the biggest public health problem
we have" and has called for the testing of
every home for radon, with remediation of
all homes found to exceed the EPA action
level of4 pCi/l. The EPA believes that full
compliance would avoid thousands of
radon-related deaths annually (1).
The EPA has mounted an aggressive
and controversial risk communication pro-
gram intended to achieve this objective on a
voluntary basis (3,7). The "Citizen's Guide
to Radon" (8) includes a table that esti-
mates the risk of lung cancer associated
with living in homes with each of several
levels of radon exposure. Risks are posed
both in terms oflifetime risk oflung cancer
per 1,000 people and in comparison with
other familiar and more dramatic risks. For
example, living in a home with 4 pCi/l is
equated to "100 times the risk of dying in
an airplane crash" for smokers and "the risk
ofdrowning" for never-smokers.
The EPA's estimates for individual risk
depend on the premise that individuals
always have lived and always will live in
their current residences, or at least that all
of their residences will expose them (on
average) to the same level of radon (8,9).
This assumption deviates significantly
from actual experience, however. This is
particularly important for the group the
EPA targets as being at highest risk and
who, therefore, according to the EPA,
should remediate their homes: the 5% of
individuals living in residences estimated
to have radon exposures of 4 pCi/l or
greater. [The EPA estimates that 7% of
homes have radon concentrations of 4
pCi/I or more (1). These homes house only
5% of the population, however, reflecting
a small negative correlation between popu-
lation density and radon levels.] Precisely
because these homes fall in the upper tail
ofthe distribution, other homes these indi-
viduals have occupied previously and will
occupy in the future are not likely to
expose them to comparably high levels of
radon. Rather, on average their past and
future homes will be closer to the mean of
the distribution, 1.25 pCi/l. Since the
average American moves 10-1 1 times over
a lifetime (10), exposure to the current
high levels ofradon will occur during only
a small fraction ofthat lifetime. Thus, typ-
ical persons currently exposed to high lev-
els ofradon will experience cumulative life-
time exposure reflecting a much lower
average rate ofexposure. As a consequence,
the risk of radon-induced lung cancer for
such persons will fall well below that esti-
mated in the EPA's risk charts. Similarly,
typical persons currently exposed to low
levels of radon will experience cumulative
lifetime exposure reflecting a higher aver-
age rate of exposure, meaning that their
risk will exceed that found in the EPA's
charts, although still falling below average.
Mobility, and its consequences for
assessment ofindividual risk, does not alter
the EPA's conclusion about the aggregate
mortality burden associated with radon
(assuming the validity ofthe model used by
the EPA to estimate the relationship
between cumulative radon exposure and
lung cancer risk, as we do throughout this
analysis). Rather, mobility implies that the
distribution of individuals' cumulative
radon exposure is clustered much more
around the mean than is the distribution of
residential radon itself. In the model
employed in this study, the variance of
people's actual average exposures to radon
is less than 30% of the variance of radon
exposures among residences. As a conse-
quence, the number of Americans at very
high risk of radon-related lung cancer is
dramatically smaller than would be inferred
from a model that does not allow for
mobility.
To assess the differences between typi-
cal individual risks and those presented in
the EPA's risk charts, we used a simulation
model that incorporates realistic patterns of
residential mobility into the standard
radon risk model. Although we produce
specific quantitative estimates, our purpose
is to develop a sound qualitative under-
standing of the relative importance of
mobility in defining radon-related risk.
Other analysts have recognized that mobili-
ty complicates determination of the rela-
tionship between cumulative exposure to
radon and the incidence of lung cancer
(11,12), but no one has explicitly studied
the implications of mobility for individual
versus collective risk.
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Methods
Model
To estimate lifetime residential radon
exposure and hence lung cancer risk, we
developed a model that links three compo-
nent models: 1) a residential mobility
model that describes Americans' typical
patterns of movement over a lifetime, 2) a
residential radon exposure model that
describes the distribution of radon
throughout homes in the United States,
and 3) a model relating radon exposure to
lung cancer risk.
Residential mobility model For a per-
son of a given age, the residential mobility
model uses age-specific mobility rates from
Long (13), derived from 1980 U.S. Census
data, to compute the likelihood ofmoving
from one's current residence to another res-
idence in a given year. There are three pos-
sible destinations for a move, in decreasing
order of probability: 1) the same county,
2) the same state, but a different county, 3)
another state.
Conditional on moving to another
state, we use a gravity model (14), estimat-
ed with 1990 Census data, to evaluate the
likelihood of an individual's moving to any
particular state within the continental
United States. The gravity model yielded
the following equations, which estimate the
number of people who migrate each year
from state i to statej (Ml) (adjusted I?2 =
0.80):
log(Mi) -15.50 + 0.92log(Popi) + 0.87
log(Pop1) - 0.52Log(DisQ
ifiandj are not contiguous states, and
log(M,) = -3.09 + 0.47log(Pop.) + 0.50
log(Pop1) -0.3log(Dist
if i andj are contiguous states. Popi repre-
sents the population of state iand Dist.. the
distance between the most populous cities
ofstates iandj.
Conditional on making an interstate
move, we then compute the probability of






The probability ofmoving to a specific
county, given a target state, was taken to be
the proportion of the population of the
state living in that county.
Intrastate moves fall into two cate-
gories: intracounty and intercounty.
Intracounty moves are assigned the age-
specific probability of such moves from
Long (13). Within counties, movers are
assumed to move at random with respect to
the distribution of residential radon in the
county. For intercounty moves, estimated
destination probabilities are proportionate
to each county's share of the state's 1990
population.
Note that mobility-induced changes in
radon levels for an individual may be less
random than is implied by our model. For
example, apartment dwellers may tend to
move to other apartments. The highest
radon exposures are typically found in
basements and first floors.
Radon distribution modeL The distrib-
ution of radon levels in homes across the
United States was assumed to follow a log-
normal distribution, consistent with previ-
ous research (15). To estimate the geomet-
ric mean and standard deviation ofthe dis-
tribution, we used data from the EPA State
Residential Radon Surveys (SRRS) (16)
and the EPA National Residential Radon
Survey (NRRS) (17).
The SRRS were conducted in 42 states
and 6 Indian lands to characterize the dis-
tribution ofradon in the lowest livable area
of owner-occupied homes and to identify
areas within the states with elevated levels
of radon. The SRRS contain short-term
radon screening measurements in over
63,000 randomly selected houses during
the winter heating season. The EPA
grouped counties within states into areas
based on the geology ofthe states to identi-
fy zones ofhomogeneous radon levels. The
EPA claims that the SRRS results provide
an accurate representation of the distribu-
tion of radon at the state and substate
(area) levels, but the estimates from the
survey cannot be used to assess health risks
directly because winter screening measure-
ments can be up to 3 times higher than
annual average measurements (18).
The NRRS was designed to provide an
estimate of the frequency distribution of
annual average radon concentrations in all
lived-in levels of residences for each of the
10 EPA national regions. The NRRS con-
tains information collected in 5,694 hous-
ing units used by the EPA to assess poten-
tial health risks associatedwith radon (18).
Combining the information contained
in the two surveys, we estimated parame-
ters to describe the annual average radon
concentrations over all lived-in housing
levels, at the state and area level. We trans-
formed the EPA data as follows. First, we
eliminated 9,169 observations from the
SRRS representing negative radon readings
(which we considered to be errors), obser-
vations above the second floor, and read-
ings from Indian reservations and the states
ofAlaska and Hawaii. Then we normalized
all basement readings in the SRRS to an
equivalent first-floor reading, using the
average ratio of radon readings between
basement and first floor for each EPA
national region. Finally, we normalized the
resulting radon readings ofthe SRRS to the
average radon levels by EPA national
region obtained from the NRRS.
With the transformed data, we estimat-
ed the parameters of the lognormal radon
distribution for each intrastate area in each
ofthe states included in the survey. To the
states that did not participate in the SRRS,
we assigned the radon geometric mean of
the EPA national region to which they
belong and the national geometric standard
deviation, both estimated from the NRRS.
Lung cancer risk model. To evaluate
the risk at each age a due to radon expo-
sure, r(a), we used the model developed by
the Committee on Biological Effects of
Ionizing Radiation (BEIR IV) of the
National Research Council (19), which is
the model used by the EPA. A recent study
concluded that, as time since exposure
increases, the influence of radon likely
diminishes somewhat more than is reflect-
ed in the BEIR IV model (2). The use of
an alternative model incorporating this
phenomenon and others discussed in the
studywould change the quantitative details
of our results. For the purposes of this
research, however, differences in the results
produced by BEIR IV and such alternative
models are qualitatively indistinguishable,
as confirmed by the senior author of the
new study J. Lubin, personal communica-
tion). We used BEIR IV to make our work
directly comparable to that of the EPA.
Thus, we accept all of the EPA's other
assumptions, including implicit assump-
tions about time spent at home and expo-
sure outside the home. The BEIR IV
model expresses risk as a linear function of
cumulative exposure to radon, subject to
adjustments for current age and time since
exposure, as given in the following equa-
tion.
r(a) = r,(a)[I + 0.025 y(a)(Wj + 0.5W2)]
where r0(a) is the age-specific background
lung cancer mortality rate from all
causative agents; y(a) is 1.2 when age (a) is
less than 55 years old, 1.0 when 55-64
years old, and 0.4 when 65 years or older;
WI is the radon exposure expressed in
working level months (WLM) incurred
between 5 and 15 years before this age; and
W2 is WLM incurred 15 years or more
before this age. A WLM is defined as the
total exposure derived from a radon con-
centration of 1 working level (WL) for 1
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working month (170 hr). AWL is the con-
centration ofradon daughters in 1.0 1 ofair
that results in the ultimate release of 1.3 x
105 MeV of a energy during complete
decay. Under typical indoor conditions, a
concentration of 200 pCi/I of radon-222
produces the a emission of 1 WL (20).
Thus, for example, living in a house at 4
pCi/l for 1 year produces exposure over the
year ofabout a quarter ofa WLM. Because
presentations to the U.S. public about the
dangers of radon are usually expressed in
picocuries per liter, throughout our paper
we have converted WLM into the equiva-
lent constant picocuries per liter.
The impact on radon-related risk of
cigarette smoking, the principal cause of
lung cancer, is estimated in the equation
through differences in the background lung
cancer mortality risks, r0(a), for smokers,
former smokers, and never smokers.
Analysis
Using the small-area distributions ofradon
generated by our model, for each of
100,000 individuals, and for every year of
life to age 80, we simulated radon exposure
and geographic area of residence. The
number of people originally assigned to
each geographic area was proportional to
the 1990 population ofthe area. Then, for
each location and every year oflife, the dis-
tribution ofcumulative radon exposure was
estimated. Finally, combining the estimat-
ed cumulative radon distribution, the
BEIR IV model, and the distribution ofthe
U.S. population by location and age, we
computed radon-induced lung cancer rates
byage and region.
This "mobility model" generates distri-
butions ofcumulative radon exposures and
lung cancer deaths, by age and location.
We compare these to distributions of the
same variables generated using exactly the
same initial conditions, but applying the
effective assumption in the EPA's risk
tables that there is no mobility: exposures
and deaths are the same as ifpeople never
move from the residences in which they are
born. Hence we refer to this as the "no-
mobility model."
Results
The means ofthe distributions ofexposure
(and mortality) generated by the two mod-
els are approximately the same, the equiva-
lent of residing permanently in a home
with 1.18 pCi/l in the case of the no-
mobility model and 1.22 for the mobility
model. The small difference reflects the
fact that people show a slight tendency to
move toward higher-radon areas in the
mobility model. This is consistent with
cross-sectional data from the 1990 Census,
which show a slight positive correlation
between age and average radon by area of
residence. (These estimates differ slightly
from the mean for houses, 1.25 pCi/l, due
to population-weighting of the housing
stock in the models.)
Although the means of the exposure
distributions are nearly identical, the vari-
ance ofthe no-mobility model distribution
is dramatically larger than that of the
mobility model distribution, 3.5 and 1.0
pCi/l, respectively. Given the lognormal
distribution, the substantial reduction in
variance due to mobility means that a
much larger proportion of lifetime expo-
sures clusters within any given interval
around the mean value. In the no-mobility
model, 5% of lifetime exposures equal or
exceed a lifetime of being exposed to the
EPA's action level of4 pCi/l, compared to
2% in the mobility model. Similarly, the
very high-risk population with an average
exposure equivalent to living permanently
at or above 10 pCi/l is 0.7% ofall people
in the no-mobility model, but only 0.1%
in the mobility model.
To illustrate how this occurs, Table 1
presents the lifetime mobility and radon
exposure experience of a single individual
from our simulation who has the following
three traits: a residence with radon expo-
Table 1. Residential mobility and radon exposure




1 Erie, Pennsylvania 0.64
10 Newark, New Jersey 0.03
15 Somerset, Kentucky 0.70
18 Paducah, Kentucky 2.28
21 Bowling Green, Kentucky 0.40
28 Fargo, North Dakota 10.02
32 Fargo, North Dakota 1.52
36 Des Moines, Iowa 5.44
38 Cedar Rapids, Iowa 5.75
57 Cedar Rapids,lowa 1.15
Effective average lifetime exposure 2.56
sure of 10 pCi/l at age 30, close to the aver-
age number of lifetime moves (10.4), and
lifetime radon exposure close to that ofthe
average person in the model exposed to 10
pCi/l at age 30 (the equivalent of living
permanently in a home with 2.5 pCi/l).
This typical high-exposure individual (at
age 30) thus has a lifetime exposure equal-
ing a quarter of that of someone who
always lived at 10 pCi/l. The individual's
effective lifetime exposure rate falls well
below that which would be experienced by
living permanently in a house with a radon
concentration equal to the EPA's action
level. Furthermore, if the individual had
followed the EPA's recommendations and
successfully mitigated the 10 pCi/l expo-
sure down to 2 pCi/l when he or she first
occupied the house, the person's cumula-
tive lifetime exposure would have been the
equivalent of living permanently at 2.18
pCi/l, a very modest reduction from the
rate of2.56 pCi/I without mitigation.
Tables 2 and 3 translate the exposure
differences under the two models into dif-
ferences in the distribution ofradon-associ-
ated lung cancer deaths, employing a
cohort longitudinal perspective (Table 2)
and a national cross-sectional perspective
(Table 3).
Table 2 shows the relationship between
radon readings at age 30 for a cohort of
100,000 individuals, half male and half
female, and expected lifetime lung cancer
deaths due to radon. The no-mobility
model finds that nearly one-third (30.8%)
of all radon-related deaths in this cohort
will occur in people currently (and in that
model, permanently) residing in homes
with radon readings at or exceeding 4
pCi/l. This proportion of radon-related
deaths is six times the percentage of30 year
olds living in such high-radon homes. In
contrast, the mobility model concludes that
only 6.8% ofdeaths will be experienced by
persons who are residents ofthese homes at
age 30, representing less than 1.4 times
their percentage ofthe cohort.
Table 2. Lifetime lung cancer mortality attributable to radon in a cohort of50,000 males and 50,000
females, by exposure at age 30
Radon, pCi/I
<0.5 0.5-4 >4 >10 Total
No-mobility model 40(8.7%) 277(60.5%) 141 (30.8%) 47 (10.3%) 458 (100%)
Mobility model 158(34.9%) 264(58.3%) 31(6.8%) 2(0.4%) 453 (100%)
Table 3. Annual U.S. lung cancer mortality attributable to radon in a typical year, by exposure attime of
death
Radon, pCi/I
<0.5 0.5-4 >4 >10 Total
No-mobility model 1,294(9.8%) 7,990(60.3%) 3,970(29.9%) 1,232(9.3%) 13,254(100%)
Mobility model 4,379(32.3%) 7,683(56.7%) 1,495(11.0%) 356 (2.6%) 13,557 (100%)
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Even more dramatic, the no-mobility
model predicts more than one-tenth ofall
radon-associated deaths (10.3%) in per-
sons who live, at age 30, in residences with
radon concentrations greater than or equal
to 10 pCi/l. The mobility model predicts
one-twenty-fifth as many radon-related
deaths for this group (0.4%). The reason
in both instances is that, followed to age
80, more than 90% of 30 year olds living
at or above the EPA's action level will have
experienced lifetime radon exposure less
than they would have ifthey never moved
from their residences at age 30. Table 1
illustrates this phenomenon. This analysis
illustrates why it is difficult to find correla-
tions between lung cancer deaths and the
radon levels of decedents' homes. Even if
cumulative radon exposure is an important
cause of lung cancer, the correlation
between radon level in decedents' final res-
idences and their lifetime exposures may
be too small to observe the underlying
relationship.
Because the aggregate number of
radon-related deaths is essentially the same
in both the mobility and no-mobility mod-
els, the differences in deaths for people who
experience high exposures at age 30 imply
that a much larger proportion of total
radon-related deaths is accounted for by
people whose residences at age 30 have rel-
atively low radon concentrations.
According to the mobility model, more
than one-third (34.9%) ofeventual radon-
related deaths will occur in people in resi-
dences below 0.5 pCi/l at age 30, com-
pared to less than one-tenth (8.7%) in the
static no-mobility model. In both models,
close to 60% ofdeaths will occur in people
currently residing above this minimal level
ofradon but below the EPA's action level.
We selected age 30 for this cohort
analysis to illustrate how mobility affects
radon-related risk in young adults, who
have the greatest opportunity to reduce
cumulative lifetime exposure to radon.
The qualitative findings of this analysis
hold for all age groups, although with less
dramatic quantitative differences for the
middle-aged and the elderly. For example,
a cohort analysis of45 year olds finds that
13.6% ofeventual radon-related lung can-
cer deaths would occur among people cur-
rently living in homes registering above 4
pCi/l, compared with 6.8% for the 30 year
olds (30.8% in the no-mobility model).
For individuals living at or above 10 pCi/l,
the share of radon-related deaths is 1.8%
for the 45 year olds, compared to 0.4% for
the 30 year olds (10.3% in the no-mobility
model).
Table 3 shows the distributions oflung
cancer deaths attributable to radon in a sin-
gle year for the entire nation, by current
level of exposure. Both models predict
essentially the same total mortality [slightly
in excess of 13,000 deaths, consistent with
previous estimates by the EPA (1)].
Compared to the mobility model, however,
the no-mobility model estimates nearly
three times as many deaths occurring in
people currently residing in homes above
the EPA's action level (29.9% in the no-
mobility model, 11% in the mobility
model). Above 10 pCi/l, the no-mobility
model finds 9.3% of deaths, while the
mobility model indicates only 2.6%. In
contrast, at exposures below 0.5 pCi/l, the
mobility model implies three times more
mortality than does the no-mobility model
(32.3% and 9.8%, respectively).
The proportional differences in deaths
between the no-mobility and mobility
models in the cross-sectional analysis in
Table 3, though still large, are relatively
smaller than in the cohort analysis in Table
2. This results because Table 3 presents a
cross-sectional view of the current radon
exposures of all people who die in a given
year as a result of their cumulative radon
exposures over their lifetimes. Current
radon exposure at the end of life is much
more highly correlated with cumulative
exposure than is exposure at age 30 (the
subject of the cohort analysis presented in
Table 2), because as people age, and hence
become more vulnerable to lung cancer,
their residential mobility declines.
Mobility affects estimates of mortality
by geographic region in a similar manner,
causing state and area death rates to cluster
more closely around the national mean
than does the geographic distribution of
radon per se. In analyses not shown here,
we found that the no-mobility model over-
estimated the number ofdeaths in the five
highest-radon states by 25-50%, while
underestimating mortality in the lowest
five by 11-42%. The differences are pro-
portionately larger for areas within states,
reflecting the much larger number ofareas,
their greater range and variance of radon
readings, and the greater mobility among
areas than among states.
Figure 1 further illustrates how mobili-
ty influences cumulative radon exposure.
Each line shows the expected cumulative
exposure of an individual of the indicated
age, given the individual's location in a
state and an area within that state, and
given one of four assumptions about how
cumulative exposure is generated. Each of
the three straight lines shows what would
happen to an individual subject to constant
(lifetime) exposure at the national, state, or
area average. The violet line shows what
happens, on average, to residents ofan area
who have been subject to normal patterns
of lifetime mobility. Consistent with the
smaller variance of the mobility model,
mobility-affected cumulative exposures
tend more toward the state and national
averages (i.e., away from the area-specific
average). The state average is more impor-
tant than the national in influencing any
individual's exposure because intrastate
mobility is much more common than
interstate mobility.
The two graphs in Figure 1 illustrate
phenomena that occur consistently. On
average, residents of an area that has a
radon reading exceeding the state average
in a higher-than-average radon state will
experience less cumulative radon exposure
with mobility than without it, as seen in
Figure 1, which depicts a radon "hot spot"
in Pennsylvania, a modestly above-average
radon state. For the typical resident ofthis
area, cumulative exposure at any age is
approximately two-thirds that of a perma-
nent resident ofthe area. Because exposure
in this hot spot is so high (an average of
4.0 pCi/l) and, specifically, so much above
that of the state (1.8 pCi/l) and nation
(1.18 pCi/l), normal patterns of mobility
decrease cumulative exposure from the hot
spot average toward the state and national
averages.
Figure 1 shows the implications of liv-
ing in a low-radon area in a lower-than-
average radon state, in this case Louisiana
(state average exposure of0.5 pCi/l). With
normal mobility, cumulative exposure will
average 1.5 times that ofthe never-moving
resident ofthe area. In this instance, inter-
state mobility is sufficiently influential to
increase average exposure well above the
state's average.
Discussion
This analysis has important implications
for both individual and collective societal
responses to the hazard posed by radon. To
deal with radon, the EPA and many state
environmental agencies have emphasized
voluntary remedial action based on indi-
vidual interest in one's own health. Given
the effects of normal residential mobility
on cumulative radon exposure, however,
we find that the EPA's assessment of risk,
as conveyed to the public in its risk charts,
greatly exaggerates the actual risk faced by
most residents of high-radon homes. This
conclusion does not depend on the
strengths or weaknesses of our specific
mobility model. Any reasonable model that
incorporates residential mobility will
demonstrate a similarly dramatic reduction
in the variance oflifetime cumulative expo-
sures and hence the variance ofradon-relat-
ed mortality.
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Figure 1. Influence of mobility on cumulative radon exposure, by age, for residents of a high-radon area in
Pennsylvania (a high-radon state) and for residents of a low-radon area in Louisiana (a low-radon state).
Each of the three straight lines shows what would happen to an individual subject to constant (lifetime)
exposure atthe national, state, or area average. (The turn in these lines at age 15 reflects the factthatthe
BEIR IV model applies a weight of 50% to the cumulative exposure incurred 15 years or more before the
age at risk, effective after age 15.) The violet line shows what happens, on average, to residents of an
area who have been subjectto normal patterns of lifetime mobility.
Assuming the validity of the basic risk
model (19), the results from our mobility
model concur with those of the EPA con-
cerning the aggregate mortality burden of
radon. Thus, if Americans voluntarily fol-
lowed the EPA's guidelines, remediating all
homes above the action level, thousands of
lives could be saved annually, just as the
EPA states. However, most of the lives
saved would not be those ofthe people who
undertook the effort and expense ofremedi-
ation. Using our model, for example, we
find that if all houses with exposures in
excess of 4 pCi/I were remediated today to
2 pCi/l, the level the EPA believes attain-
able on average (1), only between a quarter
and a third of the reduction in mortality
would occur among those who occupied
the homes at the time ofthe remediation.
Thus, a policy directed at voluntary
individual behavior effectively asks current
homeowners to subsidize improved health
for others. Ifpeople truly understand their
actual risk and respond in a self-interested
manner, only a small fraction of the lives
that could be saved through complete
compliance with the EPA's preferred
approach will be saved. Private, voluntary
action is unlikely to have much success
dealingwith radon.
One might expect that real estate mar-
kets would generate widespread testing and
mitigation of radon levels, without public
intervention. Just as pollution is reflected
in the market value ofa home (21), radon
might be expected to affect market value,
with low-radon homes selling or renting at
a premium. Thus, quite independent ofthe
effects on their own health, homeowners
would remediate to the point that the cost
equaled the increase in house value.
Generally, however, profit-seeking
behavior in real estate markets will have
only small effects on testing and mitiga-
tion. Increases in house value arising from
mitigation will be determined by the dis-
counted valuations that future residents of
the house place on the radon level, and
those valuations are highly uncertain. They
depend on the size of each future house-
hold, the age ofthe residents, the length of
time that each future resident will stay in
the house, and the residents' preferences
for risk reduction. Equally important are
the future supply and demand for housing
with different radon levels in each local
housing market. Where there is an abun-
dant supply of low-radon housing relative
to demand, as will be typical, remediation
of a given high-radon house will not be
profitable, because the equilibrium premi-
um for low radon will be small. Moreover,
the equilibrium premium can never exceed
the cost of testing and mitigation, because
any future owner can choose to test and
remediate. Thus, all the financial risk is on
the downside. The best possible outcome
for current owners who test and remediate
is that they will recover much of their
radon investment in higher property val-
ues. Given the many sources ofuncertainty
in determining future valuations, however,
as well as the abundant supply of low-
radon homes, the vast majority ofremedia-
tors are likely to recover only a small frac-
tion oftheir investment, ifanything at all.
The policy implication is strong, iflike-
ly difficult for the EPA and perhaps the
public to accept: assuming, as the evidence
suggests, that radon constitutes a genuine
threat to health, the effects of mobility
make it primarily a public health problem,
rather than an individual risk problem.
Despite formidable political obstacles
(3,22,23), collective action may well be the
only appropriate and effective approach to
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dealing with radon. Short of legal require-
ment of universal near-term testing and
mitigation, collective action could (and in a
few jurisdictions does) take such forms as
revision of building codes to ensure mini-
mal radon exposure and requirement of
radon testing and, where appropriate, miti-
gation at the time a residence is sold. These
more moderate policies, although more
politically feasible, would take more time
to achieve a given reduction in mortality
than would policies with broader coverage.
Ultimately, the decision of whether or
not to adopt radon testing and mitigation
policies, at either the individual or societal
level, must rest on consideration of the
costs of testing and mitigation, as well as
the health benefits. To date there have
been only a handful ofcost-benefit evalua-
tions of radon intervention strategies
(1,24,25); we are examining the issue in
ongoing research. It is virtually certain,
however, that there are health, economic,
and technological circumstances under
which formal regulatory policies would
pass a cost-benefit test, while reliance on
individual voluntary action would consis-
tently fail.
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Third Annual Conference on
Exploiting Molecular Diversity:
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January 29-31, 1996, San Diego, California
T he use ofcombinatorial libraries has rapidly moved from curiosity to a fundamental technique that
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